Background: Despite normal gestational weight gain, dietary studies in pregnant women show intakes below the recommendations for energy and micronutrients. Objective: This study compared changes in dietary intake from the second to third trimester with emphasis on energy intake and carbohydrate quality. Design: These post hoc analyses were based on 566 women participating in the Pregnancy and Glycemic Index Outcomes study, a randomized controlled trial comparing the effect of low-glycemic index (GI) dietary advice with healthy eating advice on selected pregnancy outcomes. With the use of multilevel mixed-regression analysis, changes in total energy intake, starch, sugar, fiber intake, GI, and glycemic load (GL) were correlated with intake of different micronutrients. Results: Energy intake decreased in the third trimester, and most women did not meet the national recommended amounts for iron, folate, and dietary fiber from food sources alone. After adjustment for age, ethnicity, prepregnancy body mass index, and intervention group, change in energy intake was positively related to change in intake of all micronutrients (P , 0.001). GI, GL, and starch intake were inversely related to micronutrient intake (P , 0.001), whereas higher total sugars predicted higher intake (P , 0.001). Associations with dietary fiber were inconsistent. Conclusions: Normal pregnancy can be associated with a decline in energy and micronutrient intake from diet. Low dietary GI and GL were the best predictors of a favorable micronutrient profile. This trial was registered at www.anzctr.org.au as ACTRN12610000174088.
INTRODUCTION
Although there is no doubt that nutrition during pregnancy affects maternal and offspring health, dietary recommendations for pregnant women are primarily energy-adjusted extensions of those for nonpregnant women. Health agencies almost unanimously recommend increased intakes of an additional 250-500 calories/d in the second and third trimesters. However, despite normal gestational weight gain, studies of pregnant women in developed countries consistently show a lower energy intake compared with recommendations (1) (2) (3) (4) . This is conceivable because healthy pregnant women may compensate for much of the assumed increased energy needs by selecting less demanding physical activities (5) . Recommending additional energy intake may therefore contribute to the increasing prevalence of excessive weight gain in pregnancy, a risk factor for gestational diabetes and offspring obesity (6) (7) (8) (9) .
In contrast to energy, adequate micronutrient intake is critical for fetal development (10) (11) (12) , but requirements increase by a much larger percentage compared with energy. Meta-analyses indicate that actual micronutrient intakes often fall far short of recommendations (1, 13) . Because evidence (1) suggests that overall energy intake is not raised in line with current recommendations, the increased micronutrient requirements might be even more difficult to achieve.
These observations call for high nutrient density and dietary quality during pregnancy (14) (15) (16) (17) . Carbohydrates represent the largest proportion of macronutrients and are therefore a good target for improving micronutrient density. Carbohydratecontaining foods can be assessed for nutritional quality according to various measures, including whole-grain content, added sugar, and high or low glycemic index (GI). 7 The GI [a ranking of carbohydrate foods by their glycemic potency (18) ] and glycemic load (GL, the mathematical product of the GI and carbohydrate per serving) capture the postprandial glycemic response to a food (19) . In a previous study in women with gestational diabetes mellitus, lower dietary GL was associated with improved dietary quality, whereas intake of grain and cereal products was 1 not (20) . However, these observations referred to one time point during pregnancy, and changes throughout pregnancy were not examined.
In the present study, our aims were to use the large data set from the Pregnancy and Glycemic Index Outcomes (PREGGIO) study 1) to relate micronutrient intake profile to energy intake at baseline, as well as changes in energy intake during pregnancy, and 2) to determine the association between different markers of carbohydrate nutrition, including starch, dietary fiber and sugars, and dietary GI and GL, and micronutrient intake. Our hypothesis was that energy, and therefore micronutrient intake, may not increase as expected between the second and third trimesters and that low GI and GL are better markers of improved micronutrient intake than the content of starch, dietary fiber, or sugars.
METHODS
The present analysis was a post hoc analysis of the PREGGIO study, a 2-arm, parallel-design randomized controlled trial comparing the effects of 2 dietary advice strategies on selected pregnancy outcomes. Details on the study have been described elsewhere (21) . Briefly, women with a singleton pregnancy without known diabetes or previous gestational diabetes were recruited before 20 wk of gestation from a large publicly funded antenatal clinic and 2 private obstetricians in the city of Wollongong, w80 km south of Sydney. In total, 691 women were enrolled in PREGGIO between February 2010 and September 2012. Subsequently, the women were randomly allocated to either low-GI dietary advice or healthy eating advice. At the first study visit, the participants received detailed dietary education tailored to the assigned diet, with special emphasis on the choice and portion sizes of carbohydrate-rich foods. Although specific information was given on low-GI alternatives in the low-GI group, no guidance on GI was given in the healthy diet group. Both diets were consistent with the nationally recommended nutritional intake for pregnant women (3), as well as the recommendations of the Australian Guide to Healthy Eating (22) . Furthermore, the macronutrient composition was intended to be balanced in both groups.
Dietary intake was assessed twice during pregnancy: Interested women were provided with the first food record booklet and asked to bring the completed record with them at the first study visit (baseline). Second, the participants were asked to complete a second food record before the final study visit after 34 wk of gestation (final). This analysis focuses on those 576 participating women for whom both baseline and final nutrition information was available. Because not all data were available for some women (n = 10), these participants were excluded, leaving a total of 566 pregnant women for final analyses. The PREGGIO study was approved by the South Eastern Sydney Illawarra Area Health Service and University of Wollongong Human Research Ethics Committee (CT09/007).
Dietary assessment
Dietary intake data were collected by using 3-d food records. The women were asked to estimate portions and quantities based on pictures, food models, and measuring tools such as cups or teaspoons. To ensure completeness, the study dietitian questioned any missing or more detailed information during the subsequent visit, at which the food record was reviewed personally.
To assess intakes of energy, macro-and micronutrients, and GI and GL values, we entered the food records into a customized database that incorporated the Australian food composition tables as well as published GI values (glucose = 100 scale) (FoodWorks 2009 Professional edition, version 6.0.2539; Xyris Software). For missing GI values, data were obtained from the University of Sydney's online database (http://www.glycemicindex.com).
Overall dietary GI was calculated as the weighted sum of the GI of all carbohydrate-containing foods of the diet, with the weighting proportional to the contribution of each food to total carbohydrate intake.
For descriptive purposes, the macro-and micronutrient intake was compared with Nutrient Reference Values (NRVs) for Australia and New Zealand (23) for pregnancy. Intakes lower than the Estimated Average Requirement for protein, calcium, iron, zinc, magnesium, thiamin, riboflavin, vitamin C, and vitamin A were considered as not meeting the NRVs. For dietary fiber and potassium, intakes lower than the specified "Adequate Intake" were defined as not meeting the NRVs. Intakes higher than the specified "Upper Level" for sodium and intakes .10% energy for saturated fat were considered excessive.
Of note, micronutrient intakes from supplements were not assessed in this study because food quality was the primary focus. Although w78% of pregnant women in the United States report using dietary supplements (24) , the rate is lower in Australia (25) (26) (27) . Moreover, additional micronutrients are required at the time of conception, when many women are not taking a supplement (26) . Usual applied methods to assess under-or overreporting of energy intake (e.g., by relating it to basal metabolic rate) were deemed inappropriate because dietary intake at this time is variable due to the physical constraints of pregnancy (e.g., symptoms of nausea, vomiting, or "heartburn").
Statistical analyses
Statistical analyses were performed by using SAS software (version 9.1.3; SAS Institute). Because some of the data were not normally distributed, all continuous data are presented as medians (25th, 75th percentiles). To assess whether nutritional intake at the end of pregnancy (final visit) differed from baseline, we used Wilcoxon's signed-rank test.
Because we were interested in assessing both the crosssectional and the concurrent association of total energy, starch, dietary fiber, and sugar intake, we used dietary GI and GL with micronutrient intake, as well as linear mixed-effect regression models (PROC MIXED in SAS), to construct longitudinal models of trends. Because associations between energy as well as markers of carbohydrate quality and micronutrients did not differ by intervention group (P-interaction . 0.2), data were pooled for analysis.
The model included the following fixed effects: time (defined as duration between baseline and final visit), energy intake or the respective carbohydrate marker at baseline, the interaction of energy intake with time, and the change in energy intake or of the carbohydrate marker, which was calculated by subtracting baseline values from the ones at the final visit. In this way, the analysis yielded 3 regression coefficients representing the following: 1) the cross-sectional estimate (an estimate for the regression of carbohydrate intake at baseline on micronutrient intake at baseline), 2) the prospective estimate (the slope of the regression of carbohydrate intake at baseline on the change in micronutrient intake over w20 wk of pregnancy, and 3) the concurrent estimate (an estimate for the regression of the change in carbohydrate intake between baseline and final visit in pregnancy on the concurrent change in micronutrient intake). For the associations-both cross-sectional and concurrent-between energy and micronutrient intake, the model was further adjusted for age, prepregnancy BMI, ethnicity, and the group of randomization. The models assessing associations with starch, fiber, sugar, and dietary GI and GL were also adjusted for energy intake by using the multivariate energy density model (28) , which required the calculation of starch, sugar, and fiber densities (g/1000 kJ). Bonferroni correction was applied to account for the effect of multiple comparisons; that is, we considered P , 0.0039 (6 independent sets of 13 tests) statistically significant.
RESULTS
On average, the women included in this study were at week 16 of gestation when they provided the baseline nutritional information and at week 36 when completing the final dietary record ( Table 1 ). The nutritional intake data at both baseline and final visit are summarized in Table 2 . Surprisingly, women consumed less energy at the final visit compared with baseline. Of note, energy intake ranged from 4170 to 24,200 kJ, a wide variation. The percentage of energy contributed by protein increased, whereas relative fat intake tended to decrease. Starch intake and the dietary GI and GL were lower at the final visit, whereas the intake of sugars was slightly higher. Riboflavin, calcium, and magnesium intake increased, whereras intake of vitamin C and sodium decreased at the final visit compared with baseline ( Table 2) .
In relation to the NRVs for Australia and New Zealand, at the first visit around week 16, most women did not achieve adequate dietary intake of iron (99.5%) and dietary fiber (79%), whereas approximately half did not meet the NRVs for magnesium (56%) or calcium (44%). By contrast, 92% and 46% of the women exceeded the recommended intake for saturated fat and sodium, respectively. These observations remained largely unchanged at the final visit around week 36, although a tendency toward a slight improvement was observed ( Table 2 ).
In Tables 3, 4 , and 5, 2 different analyses are presented: the cross-sectional associations (on left) and the concurrent analyses (on right). The cross-sectional associations show the relation between energy intake and micronutrient intake at baseline. The concurrent analyses show how the change in energy intake between baseline and final visit was related to the change in absolute intake of specific micronutrients. At baseline, energy intake was directly correlated with all micronutrients except riboflavin, vitamins C and A, calcium, and sodium, independently of age, ethnicity, prepregnancy BMI, and intervention group. Furthermore, the change in energy intake was statistically significantly associated with changes in intake amounts of all micronutrients between baseline and the final visit (all P , 0.0001) ( Table 3 ).
In relation to the direction of the associations (positive or inverse), irrespective of their magnitude and significance, higher starch intake was inversely associated with most micronutrients. In contrast, the opposite picture emerged for total sugars, for which mainly direct associations were observed (Table 4 ). Specifically, after adjustment for age at entry, ethnicity, prepregnancy BMI, intervention group, and energy intake, a higher starch intake was cross-sectionally associated with a lower thiamin (P = 0.0025), niacin, calcium, iron, and zinc intake (all P , 0.0001). In the case of calcium, an increase in starch density by 1 g/1000 kJ was related to a 215-mg decrease in calcium intake. In addition, increases in starch intake from the first to second time points were related to decreases in vitamin C and calcium (P = 0.0018 and P = 0.0009, respectively) but increases in iron (P , 0.0001). Regarding intake of sugars, a direct cross-sectional association was observed with vitamin C and potassium intake (all P , 0.0001) but an inverse relation with iron (P = 0.0026). The changeon-change analyses showed that an increase in sugars intake between the baseline and final visit was independently related to an increased intake of vitamin C, calcium, and potassium (P = 0.0003, P = 0.0028, and P , 0.0001, respectively). In turn, an increase in intake of sugars was associated with a decrease in niacin and sodium intake (P = 0.0036 and P = 0.0028, respectively) ( Table 4) .
With respect to dietary GI and GL, most micronutrients were inversely associated with these measures of carbohydrate quality (Table 5 ). Specifically, a higher GI at baseline was independently associated with a lower intake of calcium (P = 0.0007). Increases in dietary GI were concurrently related to decreases in dietary fiber, riboflavin, and folate (P , 0.0001, P = 0.0001, and P = 0.0002, respectively), as well as calcium, potassium, and magnesium intakes (all P , 0.0001). Regarding dietary GL, a high dietary GL at baseline was independently associated with lower niacin, potassium, iron, and zinc intake (P , 0.0001, P = 0.0036, P , 0.0001, and P , 0.0001, respectively). The concurrent change analysis showed that increases in dietary GL were related to decreases in riboflavin, niacin, calcium, and magnesium intakes (P = 0.0036, P , 0.0001, P = 0.0002, and P = 0.0018, respectively) ( Table 5) .
Additional analyses were run for dietary fiber: Most of the cross-sectional associations between dietary fiber and the different micronutrients were positive, but in the concurrent analyses, half of the trends were inverse (Supplemental Table 1 ). However, none of the cross-sectional associations of fiber with micronutrients was statistically significant after the Bonferroni correction was applied. In the concurrent analyses, an increase in fiber intake was related to an increase in magnesium and iron intake (all P , 0.0001) and a decrease in sodium intake (P = 0.0005).
Further sensitivity analyses excluding outliers in energy intake at baseline and the final visit did not alter the results. Similarly, running the analysis separately for each intervention group yielded similar results. 1 Linear mixed-regression models adjusted for age at entry, ethnicity, prepregnancy BMI, intervention group, and energy intake (in kJ); models contain a random statement with an unstructured covariance structure. Cross-sectional estimate: increase/decrease in micronutrient intake at baseline associated with 1-kJ increase in energy intake; mean 6 SD energy intake was 8389 6 1932 kJ at week 16 and 8176 6 1986 kJ at week 36. The 20-wk concurrent change estimate: change in micronutrient intake associated with a 1-kJ increase in energy intake over a mean 20 wk of gestation.
DISCUSSION
This analysis of a large database of 2 consecutive 3-d food records in 566 healthy pregnant women revealed that changes in micronutrient intake were largely predicted by changes in carbohydrate quality. Specifically, higher starch intake predicted a less favorable micronutrient profile, whereas higher intake of total sugars (naturally occurring + added) and lower dietary GI and GL were related to higher micronutrient intakes. Surprisingly, higher fiber intake was not a consistent predictor of a highquality diet. Linear mixed regression models adjusted for age at study entry, prepregnancy BMI, ethnicity, intervention group, and energy (use of the multivariate energy density model); models contain a random statement with an unstructured covariance structure. Cross-sectional estimate: increase/decrease in micronutrient intake at baseline associated with 1-unit increase in dietary GI or GL; mean 6 SD GI was 56.3 6 4.5 at week 16 and 54.2 6 4.7 at week 36, and mean 6 SD GL was 127 6 32 at week 16 and 119 6 33 at week 36. The 20-wk concurrent change estimate: change in micronutrient intake associated with a 1-unit increase in dietary GI or GL over a mean 20 wk of gestation. GI, glycemic index; GL, glycemic load.
TABLE 4
Cross-sectional and the 20-wk concurrent associations of starch and sugar intake to micronutrient intake during pregnancy (n = 566) 1
Starch intake
Intake of sugars Linear mixed regression models adjusted for age at study entry, prepregnancy BMI, ethnicity, intervention group, and energy (use of the multivariate energy density model); models contain a random statement with an unstructured covariance structure. Cross-sectional estimate: increase/decrease in micronutrient intake at baseline associated with a 1-g/1000-kJ increase in starch or sugar intake; mean 6 SD starch intake was 14.34 6 2.85 g/1000 kJ at week 16 and 13.67 6 2.97 g/10,000 kJ at week 36; mean 6 SD sugar intake was 13.03 6 3.80 g/1000 kJ at week 16 and 13.70 6 3.64 g/1000 kJ at week 36. The 20-wk concurrent change estimate: change in micronutrient intake associated with a 1-g/1000-kJ increase in starch or sugar intake over a mean 20 wk of gestation.
We also noted that energy intake tended to decrease, rather than increase, from mid to late pregnancy. Although this observation might at least be partly explained by underreporting, it is nevertheless concerning given the fact that the intake of all micronutrients was positively related to changes in energy intake. On the other hand, the high prevalence of overweight and excessive maternal weight gain in developed nations suggests that energy guidelines for pregnancy may be too generous. The need for proportionately more micronutrients than additional energy during pregnancy therefore presents difficulties for making practical dietary recommendations during pregnancy.
The small statistically nonsignificant decrease (2210 kJ, 22.5%) in energy intake between the second and third trimesters should be compared with previous studies. In a metaanalysis of 23 trials assessing dietary intake at multiple time points, a small increase of w140 kJ/d was reported, although mean energy intake was below the respective national recommendations (1) . Interestingly, some of the included studies reported decreases in energy intake, although the magnitude was small and statistically nonsignificant, similar to the present study (29) (30) (31) (32) (33) . Increasing BMI and sedentariness in the background population may also contribute to altered energy expenditure patterns in pregnancy.
Similar to other studies (14) (15) (16) (17) , the women in the present study did not meet NRVs for many important micronutrients. It can be argued that specific dietary supplements for pregnancy compensate for these deficits. However, not all pregnant women take dietary supplements, especially at the time of conception (25) (26) (27) . It is nonetheless of importance to ensure sufficient overall micronutrient intake as part of a balanced diet. In this regard, our study highlights the implications of changes in dietary quality, particularly the nature and quality of carbohydrates, in predicting optimal micronutrient intake in pregnancy. Specifically, the inverse relation between changes in starch ("complex carbohydrate") and changes in micronutrient intake was unexpected. This finding might reflect the fact that modern starchy foods are commonly "ultra"-processed grain foods that lose micronutrients at successive stages of manufacture. Fortification restores some but not all losses. In contrast, total sugars were mostly positively related to micronutrient intake, reflecting high intakes of fruit and dairy products, which are rich in vitamin C as well as potassium and calcium and contain both naturally occurring and added sugars.
The association of dietary fiber to micronutrient intake was surprisingly inconsistent, although fiber-rich and whole-grain foods are generally rich in B vitamins and minerals, particularly magnesium (34) . Indeed, increases in fiber intake were associated with increases in magnesium and also iron intake. However, the analyses of energy and micronutrient intake indicated that considerable increases in energy are associated with at best moderate increases in micronutrient intake.
By contrast, the glycemic nature of the carbohydrate predicted optimal micronutrient intake. Changes in dietary GI and GL were associated with changes in micronutrient intake, such that a lower GI and GL appeared to improve micronutrient intake. This might reflect a high consumption of numerous nutrient-dense foods associated with the low-GI intervention arm, including fruit and vegetables, nuts, dairy products, and legumes. Hence, associations with calcium might relate to a high consumption of dairy products, whereas nuts and legumes are particularly rich in B vitamins as well as minerals such as potassium, magnesium, and zinc. Several studies in other population groups have also reported that a lower GI diet is related to higher diet quality (35) (36) (37) . This observation belies the frequent criticism that a deliberate choice of a low-GI diet will compromise nutritional intake by encouraging poor food choices. Of note, not only a low GI but also a low carbohydrate intake reduces dietary GL. In turn, a lower carbohydrate intake might be associated with a higher protein intake and hence an increased intake of meat, fish, and lentils. This may explain the inverse association with iron, which was more pronounced for dietary GL.
The present study has notable strengths, particularly its large sample size as well as the fact that diet was carefully assessed at 2 stages of pregnancy. The dietary records were checked in person by dietitians to ensure completeness and improve quality. The fact that dietary assessment avoided the first 12 wk of pregnancy is a further strength because food intake may be reduced by nausea during this period. Furthermore, women from both the public and private sectors were included, improving the generalizability of the present results.
Our study also has several limitations. First, the present study sample, derived from the PREGGIO study, cannot be regarded as representative. However, because our observations were similar to other studies on dietary intake in pregnancy, they could serve as a basis for future studies. Three-day food records are prone to under-and overestimating, although this was minimized by the research dietitians. Usual approaches to assessing under-or overreporting were deemed unsuitable because dietary intake during pregnancy is highly variable and altered due to nausea, vomiting, indigestion ("heartburn"), and cravings for specific foods. The lack of data on micronutrient intakes from dietary supplements is another limitation. Also, no data were available for important micronutrients such as vitamin D and iodine. Similarly, there were no values for folic acid; only those for total folate were available. Finally, the second food record might reflect not the women's usual diet but rather the dietary intervention. However, the intervention was of low intensity, and the GI difference achieved was lower than the target (21) . Therefore, the intervention, if anything, would have improved dietary intake in both groups, implying that the present findings are a "best-case scenario."
Taken together, our findings in a large cohort of 566 pregnant women underline the need to focus on dietary quality, rather than on increased food intake, to meet the increased micronutrient requirements of pregnancy. More favorable intake appears to be a function of carbohydrate quality. A diet with lower GI and GL, less starch, and higher total sugars content was associated with higher micronutrient intake. Given that excessive gestational weight gain is common and a risk factor for gestational diabetes mellitus and offspring obesity (6-9), the traditional wisdom of recommending substantially higher energy intake during pregnancy to meet higher micronutrient requirements may need to be reconsidered.
The authors' responsibilities were as follows-JG and JCB-M: conceived and designed the study and wrote the manuscript; RGM and JCB-M: were the principal investigators of the PREGGIO study; JG: analyzed the data and performed the statistical analysis; AEB and JCYL: advised on queries related to statistical analysis and nutrition during pregnancy; JCB-M: had primary study oversight and responsibility for the final content of the manuscript; and all authors: read and approved the final version. RGM and JCB-M are coauthors of The Low GI Eating Plan for an Optimal Pregnancy and The Bump to Baby Diet. JCB-M is a director of the Glycemic Index Foundation, a not-for-profit charity. JCYL had received a consultation fee for adding GI values to an Australian food composition database from the Glycemic Index Foundation, a not-for-profit charity. JG and AEB reported no conflicts of interest.
